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were	 included.	We	conducted	 Illumina	 sequencing	and	 identified	genetic	 clusters.	
We	 compared	 nosocomial	 transmission	 estimates	 defined	 using	 classical	methods	
(based	on	time	from	admission	to	sample)	and	genetic	clustering.	We	identified	pairs	
of	cases	with	space‐time	links	and	assessed	genetic	relatedness.






cases	 to	be	 “hospital‐acquired”	when	 the	 time	between	admission	
and	the	first	positive	sample	exceeds	the	 incubation	period	of	 the	












through	 earlier	 identification	 of	 outbreaks	 and	more	 effective	 re‐
sponse.	 Used	 retrospectively,	 information	 derived	 from	 next	 gen‐
eration	 sequencing	may	also	 inform	policy	and	practice	 for	 future	
outbreaks.
Previous	 applications	 of	 next	 generation	 sequencing	 of	 influ‐
enza	have	included	elucidating	zoonosis	and	describing	transmission	
of	 seasonal	 and	pandemic	 strains.3‐6	 In	 the	 context	of	nosocomial	
transmission,	several	studies	have	used	next	generation	sequencing	
to	assess	differences	between	sequences	of	 specific	 influenza	ge‐
nome	 segments	 (HA,	NA	 and/or	 PB2)	 or	 to	 investigate	 small	 out‐
breaks.7‐18	These	results	have	highlighted	the	importance	of	multiple	
introductions	of	community	strains.	Whole	genome	sequencing	has	
been	used	 in	other	studies	to	demonstrate	that	 isolates	 in	pre‐de‐
fined	 epidemiological	 clusters	 are	 more	 likely	 to	 be	 related	 than	




seasons.	 Implementation	 of	 next	 generation	 sequencing	 has	 also	




pital	 in	London	over	 two	winter	seasons.	We	aimed	 to	 investigate	





2.1 | Study design and setting




million	 outpatients,	 has	 131	000	 accident	 and	 emergency	 attend‐
ances	and	admits	more	than	170	000	patients	each	year.23,24





gency	 department	 settings.	 Patient	 demographics	 (age	 and	 sex),	
and	 dates	 of	 positive	 samples,	 admission,	 discharge	 and	 trans‐
fer	between	hospital	wards	were	extracted	 retrospectively	 from	
electronic	 records.	 Samples	 from	 the	 same	 patient	 taken	within	
Results: We	sequenced	influenza	sampled	from	214	patients.	There	were	180	unique	







nificantly	 to	 the	 hospital	 burden	 of	 influenza	 and	 elucidated	 transmission	 chains.	
Prospective	next	generation	sequencing	could	support	outbreak	investigations	and	
monitor	the	impact	of	infection	and	control	measures.
K E Y W O R D S
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a	14‐day	period	were	assumed	to	be	a	continuation	of	 the	same	
illness.
2.2 | Next generation sequencing and 
phylogenetic analysis
RNA	 was	 extracted	 from	 residual	 diagnostic	 specimens	 and	 se‐
quenced	using	Illumina	MiSeq	paired‐end	sequencing	as	previously	
described.4	 Full	 details	 of	 phylogenetic	 methods	 are	 provided	 in	
the	supplementary	appendix.	In	summary,	we	generated	consensus	
sequences	 from	 short	 reads	 using	 an	 in‐house	 de	 novo	 assembly	
pipeline,	applying	a	read	depth	cut‐off	of	≥20	reads	to	the	final	se‐
quences.	 Sets	 of	 segments	were	 compiled	 after	 categorising	 sam‐
ples	by	lineage	(A/(H1N1)	pdm09,	A/H3N2,	B/Yamagata)	and	season	












less	 than	 the	 maximum	 expected	 number	 of	 nucleotide	 substi‐
tutions	 obtained	 from	 samples	 collected	within	 20	days	 of	 each	
other.	We	 calculated	 the	 number	 of	 distinct	 genetic	 strains,	 the	
proportion	of	cases	that	seeded	a	new	transmission	chain	(ie	clus‐
ters	 of	 at	 least	 two	 cases)	 and	 the	median	 number	 of	 cases	 per	
cluster.











same	 genetically	 defined	 cluster	 were	 linked	 through	 transmis‐




We	 hypothesised	 that	 cases	 in	 this	 hospital	 classified	 as	 hos‐
pital‐acquired	by	the	genetic	definition	would	be	more	likely	to	be	
hospital‐	 than	 community‐acquired	 (according	 to	 the	 “classical”	
definition).	We	therefore	calculated	the	proportions	 in	each	group	
and	compared	them	using	Fisher's	exact	test.
2.4 | Identification of space‐time links
We	 sought	 to	 establish	 the	 extent	 to	which	 pairs	 of	 cases	with	
space‐time	 links	 based	 on	 dates	 and	ward	 locations	 also	 shared	
genetic	 links.	 We	 identified	 space‐time	 links	 between	 pairs	 of	
cases	 with	 the	 same	 influenza	 subtype	 based	 on	 their	 assumed	
infectious	 and	 “acquisition”	 periods	 (Figure	 S1).	 The	 acquisition	
period	was	the	period	in	which	they	may	have	been	infected	and	
was	derived	 from	 the	 incubation	period	 (1‐3	days)	 plus	 an	 inter‐
val	(0‐2	days)	between	onset	of	symptoms	and	sample	collection.2 









had	 the	 same	 influenza	 subtype	 and	 overlapping	 infectious	 and	
acquisition	periods	whilst	 in	 the	 same	hospital	 location.	We	cal‐
culated	the	proportion	of	cases	in	genetic	clusters	that	had	space‐
time	 links	with	 cases	 in	 the	 same	 genetic	 cluster	 (and	 therefore	
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not	 successful	 for	 the	 remaining	 samples	 due	 to	 insufficient	 viral	

















mial	 transmission	 (50	 cases	 in	 genetic	 16	 clusters,	 16	 index	 cases	
assumed	to	be	 introduced	from	community	and	34	due	to	onward	
transmission).	 The	 concordance	between	 these	methods	 is	 shown	








interquartile	 range	0.7‐3.1)	 than	between	pairs	of	cases	 that	were	
linked	in	time	only	(5.1	×	10−3	substitutions/site,	interquartile	range	
2.5‐8.1,	P	<	.001;	Figure	1).









We	have	 used	whole	 genome	 sequencing,	 on	 an	 established	 next	








TA B L E  1  Characteristics	of	patients	with	influenza	samples	
sequenced	by	full	genome	sequencing,	University	College	London	
Hospitals	NHS	Foundation	Trust,	2012‐2014	(n	=	214)





































quired (n = 180)
n %c n %
Hospital‐acquired	
(n	=	32)
14 43.8 18 56.3
Community‐acquired	
(n	=	182)
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cases	 classified	 as	 hospital‐acquired	by	 the	 classical	method	were	
classified	as	hospital‐acquired	using	the	genetic	method,	and	14/34	
(41%)	 cases	 classified	 as	 hospital‐acquired	 by	 the	 genetic	method	














ward	 locations	 recorded	 in	 routine	 hospital	 data)	 had	 smaller	 ge‐
netic	distances	than	those	without	space‐time	links	(P	<	.001).	This	









understanding	 of	 nosocomial	 transmission	 gleaned	 from	 routine	
hospital	data	and	clinical	practice.	As	such,	there	was	no	enhanced	
sampling	 or	 epidemiological	 investigation	 to	 identify	 potential	 in‐
teractions	 between	 patients	 outside	 ward	 settings.	 Results	 will	
therefore	have	been	based	on	incomplete	case	ascertainment,	and	
transmission	 occurring	 on	 non‐ward	 settings,	 from	 sub‐clinically	
infected	patients,	staff	members	or	visitors	could	not	be	detected.	
This	 demonstrates	 an	 advantage	 of	 using	 sequencing	 data,	 which	
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ysis	 based	on	 genetic	 distance	measures	 did	 not	 involve	 grouping	
isolates	 into	clusters.	This	analysis	showed	that	pairs	of	cases	had	
closer	genetic	relatedness	when	they	had	space‐time	links	and	sup‐







within	hospitals.	 If	 implemented	 in	multiple	 hospitals,	 both	 locally	
and	 internationally,	 the	estimates	could	be	used	 to	 inform	surveil‐
lance	 for	 comparison	 of	 influenza	 strains	 in	 circulation	 and	 their	
transmission	 potential.	 It	 could	 also	 be	 used	 for	 earlier	 identifica‐
tion	of	outbreaks,	 enabling	 introduction	of	more	 intensive	 control	
efforts.	 This	may	 include	 increased	 testing	 to	 identify,	 isolate	 and	
treat	cases	earlier,	cohorting,	enhanced	hand	hygiene,	engineering	







In	 conclusion,	 our	 results	 demonstrate	 the	 value	 of	 routine	
whole	 genome	 sequencing	 to	 inform	 influenza	 surveillance	 and	
infection	 control	 interventions	 in	 hospitals.	 Genetic	 data	 con‐
firmed	nosocomial	 transmission	 for	approximately	16%	of	cases,	
with	 short	chains	of	 transmission.	These	 results	 suggest	 that	 in‐
tegrating	 next	 generation	 sequencing	 to	 real‐time	 investigations	
of	influenza	in	hospital	could	inform	strengthened	infection	con‐
trol	 measures	 to	 minimise	 the	 burden	 of	 nosocomially	 acquired	
infection.
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